Abstract The plant Brassica campestris includes the vegetables turnip and Chinese cabbage, important plants of economic importance. Here, we have analysed the codon usage bias of B. campestris for 116 protein coding genes. Neutrality analysis showed that B. campestris had a wide range of GC3s, and a significant correlation was observed between GC12 and GC3. Nc versus GC3s plot showed a few genes on or proximate to the expected curve, but the majority of points were found to be scattered distantly from the expected curve. Correspondence analysis on codon usage revealed that the position preference of codons on multidimensional space totally depends on the presence of A and T at synonymous third codon position. These results altogether suggest that composition bias along with selection (major) and mutation pressure (minor) affects the codon usage pattern of the protein coding genes in Brassica campestris.
Introduction
Except the two amino acids i.e., methionine and tryptophan (which are encoded by single codons) all other amino acids are encoded by two or more synonymous codons. Variation mainly occurs among synonymous codons ending in cytosine (C) or guanine (G) versus adenine (A) or thymine (T). The choice of synonymous codons is known to be nonrandom and thought to reflect a balance among the forces of selection, mutation and random genetic drift [1, 2] . In contrast, it was reported that translational selection at silent sites played the most important role in shaping codon usage in some plants [3, 4] . This unequal use of synonymous codon within the coding sequences of a genome is defined as codon usage bias (CUB). It has been extensively studied in a wide variety of organisms [5, 6] . However, in recent years, several factors namely gene length [7] , gene translation initiation signal [8] , expression level [9] [10] [11] [12] , protein amino acid composition [13] , protein structure [14] , tRNA abundance [15, 16] and GC composition [17] have been reported to influence the CUB. Genome-wide investigations of codon bias patterns and their causes and consequences are of significant importance for heterologous gene expression [18] , gene classification and function prediction [19] as well as for prediction of the pattern of evolution of the organism.
Brassica is a genus of plants in the mustard family (Brassicaceae). Brassica campestris is widely cultivated as a leaf vegetable, a root vegetable, and as an oilseed crop. Almost all parts of the plant are consumed as food, including the root, stems, leaves, flowers and seeds. During the last few years, a large number of plant genes have been cloned and sequenced. This now permits a meaningful analysis and comparison of the codon bias of genes and genomes of higher plants. In contrast to its economic importance, there were a few studies on the codon usage bias of B. campestris [20] [21] [22] . In accordance with the previous studies on Brassica genes, here also, we observed the avoidance of CG and TA doublets [23] . Brassica campestris is a self-incompatible crop. Self-pollination reduces recombination rate and GC3s. For the 116 B. campestris genes used in the present study, GC3 showed the highest usage variation followed by GC1 and GC2. Therefore, the increased variation of GC content at synonymous third codon position of the Brassica genes is thought to be due to mutational pressure [24] . Optimization of heterologous protein expression is one of the major research areas of modern biotechnology, for example, efficient enzyme production is a dire need in biotechnology industry [25] . In recent years, the extensive study on codon bias has revealed that codon replacement (usage of some preferred codons) has a significant impact on gene expression levels and protein folding [26] . The present study contributes to better understanding of the evolution of B. campestris genome at the molecular level through codon usage bias and provides basic information for synthetic designing of genes for increased protein production using Brassica genome as a host system. In the present study, we report the detailed codon usage data and analysis of various factors shaping the codon usage patterns in B. campestris genes.
Materials and methods

Sequence data
The coding sequences of B. campestris genes were retrieved from the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov). In the present study, a total of 116 coding sequences (cds) were analysed. Only the perfect cds which are exact multiple of three bases were analysed in the present work.
Indices of codon usage
Relative synonymous codon usage (RSCU)
RSCU is the observed frequency of a codon divided by the expected frequency [1] . If all synonymous codons encoding the same amino acid are used equally, RSCU values are close to 1.0, indicating a lack of bias. Moreover, the RSCU value greater than 1.6 is treated as over represented codon and RSCU value lower than 0.6 is considered as underrepresented codon
where Xij is the frequency of occurrence of the jth codon for ith amino acid (any Xij with a value of zero is arbitrarily assigned a value of 0.5) and ni is the number of codons for the ith amino acid (ith codon family).
Effective number of codons (Nc)
It is quite often used to quantify the codon bias in one specific gene [27] , which is an assessment of non-uniformity of usage within synonymous groups of codons. 
where Fk (k = 2, 3, 4, 6) is the mean of Fk values for the kfold degenerate amino acids, 2 stands for two amino acids, i.e., met and trp; 9, 1, 5, and 3 stand for the total number of amino acids with degeneracy class of 2, 3, 4, and 6 codons, respectively.
Codon adaptation index (CAI)
Sharp and Li [11] proposed that the codon adaptation index (CAI) is an effective measure of codon bias in prokaryotes [28] and eukaryotes [29] . CAI is a measurement of the relative adaptiveness of the codon usage of a gene towards the codon usage of the highly expressed genes. CAI values range from 0 to 1, with higher value towards 1 means stronger codon usage bias and thus a potentially higher gene expression level. [30] . The CAI is calculated as:
ln WcðkÞ where L is the number of codons in the gene and Wc(k) is the w value for the kth codon in the gene. The CAI defines the frequent codons in highly expressed genes as the translationally optimal codons.
Dinucleotide odds ratio
The odds ratio is generally used to compute the dinucleotides in gene sequences. Odds ratio is the likelihood of observing a dinucleotide in a sequence and is calculated as
where, x and y stand for the nucleotides that form dinucleotide xy; and fx, fy, fxy denote the frequencies of nucleotide x, nucleotide y, and dinucleotide xy, respectively. Karlin et al. [31] showed that dinucleotides with an odds ratio falling outside the range (0.78-1.23) could be considered as being more under-represented-or over-represented dinucleotide than normal.
Correspondence analysis
Correspondence analysis has been successfully used to explore codon usage variation among genes. It is a commonly used multivariate statistical technique, in which all genes were plotted in a 59-dimensional space, according to the usage of the 59 sense codons (excluding codons for Met, Trp and stop codons). The plot was then used to identify the axes which represent the most prominent factors contributing to variation among genes. Major trends within this dataset can be determined using the measures of relative inertia (eigen value) and genes ordered according to their positions along these axes of major inertia.
Statistical analysis
Correlation analysis was carried out using the Spearman's rank correlation analysis method wrapped in the multianalysis software SPSS version 16.0.
Results and discussion
Nucleotide composition and codon usage in B. campestris
The overall nucleotide composition varies from genome to genome because of intrinsic, organism-specific metabolic process, environmental conditions and the after-effect of neutral process and selection [32] . This difference in nucleotide composition causes the niche intricacy of genomes and results in the observed CUB [33] . We, therefore, analysed the nucleotide compositions of the coding sequences for B. campestris. With reference to previous studies on plant genomes here also the coding sequences were found to compositionally biased towards the usage of AT nucleotide [34, 35] , can result to the ascendance of the A/T-ending codons. The GC content of the B. campestris genes varied from 35.92 to 61.35% with a standard deviation (SD) of 4.05. The nucleobase A showed the highest mean ± SD (28.2 ± 3.22) followed by T (24.6 ± 2.44) and G (24.8 ± 2.96). The nucleobase C showed the lowest usage percentage i.e, 22.47 (SD = ± 2.54). To get an unmistakeable picture about the preferences of codon usage, we investigated the coding intensity of the nucleotides at first second and third codon positions. At first codon position, the mean ± SD of G1 was the highest (32 ± 3.93) followed by A and C with T being the lowest. At second codon position, A showed the highest mean ± SD (32.2 ± 3.90) and T at third codon position (29.2 ± 5.06). Therefore, from the composition analysis, it was evident that nucleobase T/G/A might be more favored, suggesting that compositional constraints play the paramount role in the evolution of codons in this species.
The relative use recurrence of the GC content at three different codon positions i.e. GC1, GC2 and GC3 varies from gene to gene and from genome to genome. The GC1, GC2, and GC3 were 0.51, 0.42, and 0.47, respectively. Differences in GC content among the genes were the highest at third codon position (ranges from 0.30 to 0.79) followed by the second position (ranges from 0.27 to 0.51) and first codon (ranges from 0.43 to 0.62) position. The distinctions in the initial two positions that generally prompt an adjustment in amino-acid composition suggested that a different GC mutation bias leads to different codon choice despite the changes in protein sequences. These results suggest that there might be compositional constraint in the presence of mutation pressure which affects the B. campestris genes. Neutrality plot analysis (Supplementary file Fig. 1 ) between GC12 and GC3 reveals the relative effect of mutation/selection in shaping the CUB. In contrast to Kawabe and Miyashita 2003 work on dicots [36] , a significant correlation was observed between GC12 and GC3 (Pearson r = 0.385, p \ 0.01). To test the goodness-of-fit of the regression model GC3 = 0.148GC12 ? 0.401 we performed Chi square test (1.58, p \ 0.01) at 116-3 = 113 df. The estimated Chi square value was found to be non-significant at p = 0.01, indicating that the regression model has goodness-of-fit. This significantly positive correlation in the neutrality plots indicated that the mutation pressure and selection contribute to the codon bias in B. campestris.
Codon usage and Nc
In order to identify the roles of nucleobase G and C to codon usage bias, the values of Nc was plotted against GC3s of the genes. Nc is a standard parameter used to measure the magnitude of codon usage bias. Nc value of the different genes ranged from 36.5 to 61, denoting there is a strong compositional pressure which results in the observed variation in codon bias among the genes. GC3 showed the highest correlation value with Nc, followed by GC2 and GC1. To assess the relative effect of mutation and selection on genes having variation in codon bias distribution the initial dataset was grouped into two separate groups i.e., the high codon bias gene group (16 cds \ Nc = 50) and low codon bias group (100 cds [ Nc = 50). Pearson's correlation between GC3 and Nc was calculated for both the gene groups. The two correlation coefficients differ significantly, high codon bias gene group showed significant correlation value of -0.44 (p \ 0.05) whereas low codon bias gene group showed a correlation value of 0.107 (p \ 0.001). These intricate correlations further uncovered the impact of neutral mutation bias which brings about the variation in codon usage among the genes.
From the Fig. 1 it is clearly observed that a relatively higher number of genes scatter distantly from the expected curve, which indicates that GC3s is not the sole determinant of CUB. The discrete distribution of different genes in Nc versus GC3s plot that cannot be explained by mutation alone implies that some other factors, for example, protein structure, gene expression level and so on may have substantial effect in CUB among the genes, independent of the compositional constraints. To get a clearer picture we analysed the frequency distribution of effective number of codon ratio (Supplementary file Fig. 2 ). Interestingly most of the genes showed the ratio between 0 and 0.1, suggesting that these genes have Nc values lower than expected, though a few genes have Nc greater than the expected value. In our analysis, 8 out of 116 coding sequences showed negative ratio indicating that other factors (e.g., selection) operated at the higher level in a directional way to influence the observed Nc.
Relative synonymous codon usage bias
After investigating the 49,578 codons in 116 coding sequences used in the present study it was observed that amongst the three stop codons TAA (52.58%) was used most frequently followed by TAG and TGA (46.98 and 0.43%, respectively). Based on the occurrence of synonymous codons of all 59 codons measured by their relative synonymous codon usage frequency, 14 and 12 codons were found to be translationally favored and rare codons, respectively. For the six-fold, four-fold and two-fold degenerative amino acids, at least, three, two and one synonymous codons showed RSCU C 1, respectively (Fig. 2) . TCT (Ser) and AGA (Arg) had the highest values (1.57 and 2.04, respectively). CTT (Leu) and GTT (Val), GCT (Ala) and GGA (Gly) were used much more frequently than other synonymous codons for the corresponding amino acids (1.44, 1.46, 1.49 and 1.42,  respectively) . The synonymous third codon positions in the favored codons were found to be occupied by either NNAs or NNTs. Previous studies on AT-rich genomes show a preference for A or T in third codon position [37, 38] . Therefore, the use of A/T nucleobase at third codon position of the favored codons suggests that the compositional constraints are the most paramount factors in shaping the codon usage variation among the genes. The increased usage of NCT and the decreased use of NTA codons are thought to be due to the genomic composition for better expression and stability of the genes, respectively.
Dinucleotide odds ratio
As a next step in our analyses, we studied the odds ratio of the 16 dinucleotides. Dinucleotide bias shows significant effect on the usage frequency of codons within the coding region [21] . This index measures the relative abundance of dinucleotides with respect to what would be expected from the random union of mononucleotides [39] and the value 1 is expected when no bias is observed. Dinucleotides with odds ratio B 0.78 are termed as under-represented or suppressed dinucleotides and index value C 1.23 is treated as over-represented dinucleotide. We observed that the dinucleotide TA and CG are significantly underrepresented in the coding sequences (Fig. 3) . Porceddu and Camiolo [40] also found similar result in other plant genes. Except the amino acid tyrosine, which is encoded by TAC and TAT codon (both of them contains TA dinucleotide), all other amino acid encoding codons with TA and CG dinucleotide showed under-representation (Fig. 2) . The dinucleotides TG, TC, GA, CA and CT are the overrepresented ones. Interestingly, the TG bias in coding sequences mirrors the pattern of CG suppression in the genes of B. campestris. The inadequate representation of CG dinucleotides in plant genome may be attributed to selection pressure against methylation or to the classical methylation deamination mutation mechanism, for enhanced translational speed [21, 41] . The scarcity of TA in plants might be related to mRNA stability and also to evade improper binding of the various factors involved in transcription processes [42] .
PR2 bias analysis
PR2 plot is a helpful approach to reveal the presence of any asymmetric mutation and/or selection pressure. To evade a systematic bias from PR2, three stop codons (TAA, TAG, or TGA) and codons ATG (Met), TGG (Trp) and ATA (Ile) were not included in the compositional analyses. Mutation pressure and natural selection are the major factors considered to shape the codon usage pattern. If mutation bias is the cause of codon usage bias, then GC and AT ought to be used proportionally among the degenerate codon groups. In contrast, natural selection for codon choice would not necessarily cause the proportional use of G and C (A and T) [43] . Our result showed that the AT-rich genome of B. campestris uses A and T more frequently than G and C (Fig. 4) . The regression coefficient of A3/(A3 ? T3) against G3(G3 ? C3) is 0.337, indicating a relative neutrality of 0.34 or a relative constraint of 0.66. The observed difference in between C/G and A/T contents within the coding region suggest that both selection and base composition bias mainly contributed to CUB of B. campestris genes.
Gene expression analysis and codon usage bias
Correspondence analysis (COA) of RSCU values of codons in B. campestris genes identified a single major trend in codon usage: the first axis generated by the analysis represented 18.26% of the total variability, whereas the next three axes only account for 11.34, 9.28 and 7.79%, respectively, corroborating that the primary axis was the main factor expounding codon utilization in these genes. The plot of genes on the first two axes [ Fig. 5(A) ] shows the genes from both the datasets (High and Low CAI) scatters throughout the plot area. The plot of axis 1 against axis 2 represents the distance between each and every genes based on RSCU in multidimensional space. CAI showed low correlation with both the axis coordinates. This equal distribution of genes from both the datasets over the plot area suggests that gene expression level was not responsible for separating genes according to their codon usage along the two axes. The position of each cds along b Fig. 2 Unequal usage of all synonymous codons (except the three stop codons, ATG and TGG) in B. campestris. The relative usage frequency of codons are listed and colored yellow, orange yellow and red to show low, average and high occurrence frequencies, respectively. The abundant codons from each synonymous group were underlined and highlighted Synonymous codon usage bias in Brassica campestris 729 the axis 1 is strongly correlated with its GC, GC3s (r = 0.864 and 0.904 respectively, p \ 0.01) and negatively correlated with cds length (r = -0.135, p \ 0.001). Similar correlations were likewise reported in a few plants [44] and these results suggest that natural selection must be the major factor in determining the variation of codon usage bias of these genes [45, 46] . The distribution of codons along the axis 1 and axis 2 showed that the separation of codons on axis 1 totally depends on the presence of A and/or T at the synonymous position [ Fig. 5(B) ] [47, 48] . Moreover, there was non-significant correlation (r = 0.017) between the gene expression level assessed by CAI and Nc, indicates that CUB is not constrained by translational selection [36] . While significantly negative correlations of CAI with GC3s and GC content was observed (r = -0.253 and -0.220, respectively, p \ 0.01). The coding intensity of the nucleotides A, T, G and C at synonymous third codon position were also analyzed (r = 0.756, 0.758, 0.780 and 0.687, respectively at p \ 0.01). In the AT-rich genome of B. campestris, except the nucleobase C at synonymous third codon position, all the nucleotides showed almost similar correlation value. The significant difference in correlation of C3 with CAI may be due to mutational pressure, results in the observed genomic AT-bias. Furthermore, researchers also proposed that since C3 showed positive correlation with CAI there must be selection pressure in favour of C3 in the AT-rich genomes [49] . Taken together, it can be concluded that the nucleotide composition bias is the essential element impacting codon usage in B. campestris genes.
Relationship of codon bias with hydropathicity index and aromaticity score Different studies have exhibited that the hydropathicity and the aromaticity of encoded proteins determines the pattern of codon usage [30, 50, 51] . In order to investigate whether the same holds great in B. campestris, we conducted a correlation analysis of CUB with gravy and aromaticity score. The correlation coefficients for codon usage with gravy (r = -0.068, p \ 0.001) and aromaticity (r = 0.165, p \ 0.05) indicated that CUB was associated with aromaticity of the encoded proteins however not with the hydrophobicity of the amino acids. To conclude, in the present study, synonymous codon usage among B. campestris genes mainly appears to be the result of base composition bias, where selection pressure plays a dominant role over mutation pressure. PR2 plot showed that the gene does not equally use A/T/G/C-ending codons. The over-representation of AT over GC in the degenerate codon positions in our current analysis further reflects the fact that selection pressure has played an important role in driving the CUB of B. campestris. COA on RSCU and codon usage further supports the PR2 analysis. The present study has revealed the codon usage pattern at molecular level for the Brassica genes. Therefore, from this in near future we can design synthetic gene for efficient oil production [52] , better biotic [53] and abiotic [54] stress tolerance etc., based on codon usage patterns. 
